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ABSTRACT: Novel amphiphilic polybetaines were synthesized and used as the base material for nonfouling coatings.
The amphiphilicity of these polybetaines was systematically
tuned by coupling chains of increasing hydrophobicity to the
zwitterionic functionality side at the repeat unit level. An
oligoethylene glycol (OEG) moiety was selected to yield the
most hydrophilic coating, while octyl (C8) and ﬂuorinated (F)
groups were used to impart lipophilicity and lipophobicity to
the coatings, respectively. This unique design allowed us to
investigate the eﬀect of the lipophilicity/lipophobicity of the
side chain on the nonfouling properties of these zwitterionic
systems. Adsorption studies, performed using six diﬀerent
proteins, showed that the ﬂuorinated polybetaine, Poly[NFZIco-NSi], resisted nonspeciﬁc adsorption as eﬀectively as, and in some cases even better than, the most hydrophilic
Poly[NOEGZI-co-NSi] coating. The comparison of Poly[NFZI-co-NSi] to its noncharged analog demonstrated the essential
nature of the zwitterionic functionality in imparting nonfouling character to the coating.

■

INTRODUCTION
A unique series of amphiphilic betaine copolymers, designed to
explore the eﬀect of increasing the hydrophobicity on the
nonfouling properties of surfaces, is introduced. Fouling studies
showed that a zwitterionic surface with both hydrophobic and
lipophobic properties resists protein adsorption as well as one
with only hydrophilic character. Bioﬁlm formation on
substrates, caused by the attachment and growth of microorganisms in aqueous environments, is a ubiquitous problem
that can lead to various adverse events.1 These include, but are
not limited to, thrombosis, microbial infections, and reduction
in the eﬃcacy/sensitivity of devices.2 A key challenge in
preventing bioﬁlm formation is the design of smart materials or
engineered surfaces that can eﬀectively resist the irreversible
attachment of a wide variety of species including proteins,
microbial cells, and spores.2−5 Among many approaches
investigated, hydrophilic modiﬁcation of surfaces using poly(ethylene glycol) (PEG),4,6−8 and more recently, zwitterionic
polymers5,9−11 with high wettability were found to be among
the most promising candidates. However, larger microorganisms as well as proteins are inherently amphiphilic. They
operate by diﬀerent attachment mechanisms, with some having
higher aﬃnity to hydrophobic surfaces and others to hydrophilic.12,13 Therefore, solely hydrophilic or hydrophobic
surfaces are often inadequate in resisting fouling upon
prolonged exposure to complex environments such as
blood.14 With these ﬁndings, there is increasing awareness for
engineering amphiphilic materials, which, similar to living
© 2012 American Chemical Society

organisms, can restructure their surfaces depending on the
environment.15,16
The ﬁrst example of an amphiphilic nonfouling material was
reported by Wooley and coworkers, where hyperbranched
ﬂuoropolymers (HBFPs) were cross-linked with linear PEG
chains to obtain coatings with complex surface morphologies.17,18 Because of the incompatibility of the hydrophilic and
hydrophobic domains, these coatings showed phase segregation, resulting in topological surface roughness when immersed
in aqueous media. The nonfouling performance of these crosslinked, amphiphilic networks was tested using various
biomacromolecules with adhesion aﬃnity to either hydrophilic
or hydrophobic substrates.19 The results showed that
independent of the adhesion preference of proteins and the
larger microorganisms tested, the amphiphilic coatings, HBFP−
PEG, were more eﬀective in resisting nonspeciﬁc adsorption
than the coatings composed of only HBFP or PEG. In a similar
example, a surface-active block copolymer (SABC) was
developed and used to prepare antifouling coatings by Ober
and coworkers.15,20−24 The SABC was composed of a
polystyrene block and a comb-like amphiphilic block, in
which both PEG and ﬂuoroalkyl groups were on the same
side chain. The eﬀectiveness of these coatings was tested for
resistance to bovine serum albumin25 (BSA) and marine algae
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adsorption. 20 When compared to the controls [poly(dimethylsiloxane) and the base coat of SABCs: poly(styreneb-ethylene butylene-b-styrene)], the surfaces composed of the
SABCs showed lower BSA adsorption. More recently,
amphiphilic self-assembled monolayers (SAMs), likewise
composed of ﬂuoroalkyl and PEG groups, were also reported
as potential nonfouling surfaces.26−28 The protein adsorption
studies of these SAMs yielded similar results, where the
amphiphilic systems were more eﬀective in resisting nonspeciﬁc
protein adsorption than only PEG or ﬂuoroalkyl SAMs.
These examples show that besides wettability, compositional
and morphological heterogeneities are also critical parameters
for designing eﬀective nonfouling materials. Although there are
several examples of amphiphilic materials obtained by
incorporation of either hydrocarbon or ﬂuorine-based hydrophobic moieties, no direct comparison between both has been
reported.29,30 Moreover, all of these systems employ PEG as
the hydrophilic component, which is known to be unstable in
the presence of oxygen and transition metals, reducing the
lifetime of the material.31 Therefore, the quest to identify the
most eﬀective components that yield optimal amphiphilic
systems is still ongoing.
In this Communication, we introduce a series of novel
amphiphilic polybetaine copolymers composed of zwitterionic
functionalities coupled with hydrophilic/hydrophobic alkyl side
chains within the same repeat unit (Figure 1). This unique

was used as the minor component.32 A ratio of 15−20 mol %
was used, suﬃcient to provide covalent attachments to the
substrate (glass/silica surface) as well as to improve the stability
of the coatings through interchain cross-linking.33,34

■

RESULT AND DISCUSSION
To prevent the carboxylate anion of the zwitterion from
retarding the ROMP kinetics,35,36 the monomers were
synthesized as cationic precursors through the quaternization
of a norbornene-based tertiary amine (Scheme S1 and Figures
S1−S6 in the Supporting Information). The resulting
quaternary ammonium precursor monomers were then
copolymerized in a random fashion with 5-bicycloheptenyl
triethoxysilane (Scheme S3 in the Supporting Information) via
ROMP. The monomer compositions and the molecular weights
of the resulting copolymers were determined using 1H NMR
end-group analysis and were in strong agreement with the
theoretical values, indicating successful polymerization. Detailed synthetic procedures as well as molecular weight
characterization of the copolymers can be found in the
Supporting Information (Figures S7−S12, Table S1). Surfaces
were prepared via spin coating a 1% w/v triﬂuoroethanol
solution of each polymer on a freshly cleaned silica wafer.
These surfaces were then dried under vacuum to remove the
remaining solvent, subjected to hydrolysis, and cured above the
condensation temperature of the ethoxysilane units. The
resulting cationic coatings (Poly[NR(+)-co-NSi]) were then
postfunctionalized using dilute base (0.1 M NaOH) to obtain
their corresponding zwitterionic counterparts (Poly[NRZI-coNSi]).32,35 Detailed surface characterization of the ring-opening
transformation of Poly[NF(+)-co-NSi] can be found in the
Supporting Information (Figure S13), while the data for
Poly[NOEG(+)-co-NSi] and Poly[NC8(+)-co-NSi]) were
reported elsewhere.32 Coating thicknesses were measured
using single-wave ellipsometry and were in the range of 20 to
35 nm.
The performance of a coating is strongly dependent on its
surface properties, such as wettability, morphology, and
interfacial characteristics. Therefore, prior to protein adsorption
studies, detailed surface characterization was performed on the
coatings. The wettability of the zwitterionic coatings, Poly[NRZI-co-NSi], was analyzed via contact angle (CA) measurements using the sessile drop technique. Advancing and receding
CAs were measured with water and n-hexadecane. While water
was used to determine the relative hydrophilicity/hydrophobicity of the coatings, n-hexadecane was employed to
determine their lipophilicity/lipophobicity. The results are
summarized in Table 1. (Surface characterization results of the
cationic precursor coatings can be found in the Supporting
Information Table S2.) Independent of the probing liquid used,

Figure 1. Summary of copolymers synthesized. Nomenclature: R =
substituent, N = norbornene, ZI = zwitterion, Si = 5-bicycloheptenyl
triethoxysilane repeat unit, OEG = oligoethylene glycol, C8 = octyl,
and F = 1H,1H,2H,2H-perﬂuorooctyl.

design allowed us to systematically tune the amphiphilicity of
the whole system at the repeat unit level. In this system, a
betaine was employed as the hydrophilic component, and the
substituent (R) was varied as oligoethylene glycol (OEG), octyl
(C8), and ﬂuorinated (F) chains to systematically tune the
overall amphiphilicity. All polymers were synthesized as silanecontaining copolymers via ring-opening metathesis polymerization (ROMP), where an ethoxysilane-containing monomer

Table 1. Roughness, Contact Angle, and Surface Free Energy Measurements of the Zwitterionic Coatings
water CA (°)a

n-hexadecane CA (°)

surface free energy (mN/
m)

polymer

Rt (min)b

roughness (nm)c

θW‑S

θW‑A

θW‑R

θH‑S

θH‑A

θH‑R

γSd

γSp

γS

poly[NOEGZI-co-NSi]
poly[NC8ZI-co-NSi]
poly[NFZI-co-NSi]

5.9
30.9
40.7

0.52
1.32
9.11

32 ± 1
70 ± 3
89 ± 1

32 ± 2
54 ± 1
88 ± 3

18 ± 1
31 ± 1
42 ± 4

2±0
2±0
62 ± 2

14 ± 1
14 ± 1
61 ± 2

2±0
15 ± 2
50 ± 1

26.8
26.8
15.2

36.4
22.2
7.4

63.2
49.0
22.6

a
Contact angle (CA), θW‑S (static water CA), θW‑A (advancing water CA), aand θW‑R (receding water CA) bRetention time (Rt) of the corresponding
monomers as measured by HPLC using a C8 column with a gradient of 1% CH3CN/min starting with 100% water. cMeasured using tapping mode
atomic force microscopy (AFM) on the dry coating.
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Figure 2. AFM surface roughness analysis of Poly[NOEGZI-co-NSi] (a) dry coating in air and (b) hydrated coating in PBS for 24 h. Surface
roughness analysis of Poly[NFZI-co-NSi] (c) dry coating in air and (d) hydrated coating in PBS for 24 h. Insets in panels a and c show the static
contact angle analyses of the corresponding surfaces using (left) water and (right) n-hexadecane.

(AFM) on the dry coatings was done to obtain their roughness
proﬁles. Poly[NOEGZI-co-NSi] and Poly[NC8ZI-co-NSi]
yielded relatively smooth surfaces (Table 1), whereas Poly[NFZI-co-NSi] had the highest surface roughness (9.1 nm)
(Figure 2a,c). A plausible explanation for the high surface
roughness of Poly[NFZI-co-NSi] is the increased incompatibility of the amphiphilic system, arising from the incorporation
of a ﬂuorinated tail to a hydrophilic betaine. Similarly,
Poly[NC8ZI-co-NSi], which is more hydrophobic than Poly[NOEGZI-co-NSi], also showed higher roughness (1.3 nm).
However, when compared to previously published reports,38−40
the roughness values of these coatings are still quite small and
likely not large enough to be the sole reason of hysteresis.
Therefore, other possible factors, such as swelling of the
coatings as well as the reorientation/mobility of the polymer
side chains, were investigated via more detailed surface
characterization studies, including AFM under aqueous
environment and X-ray diﬀraction.
Tapping mode AFM in an aqueous solution of the hydrated
coatings (immersed in phosphate-buﬀered saline (PBS)) was
done on the same equipment used to obtain the dry images to
avoid any instrumental diﬀerences. The analysis was performed
on Poly[NOEGZI-co-NSi] and Poly[NFZI-co-NSi] as these
were the most hydrophilic and hydrophobic coatings,
respectively. The images of the dry and hydrated coatings are
shown in Figure 2a−d. Upon hydration, both coatings showed
an increase in their relative roughness due to swelling of their
hydrophilic domains; however, their overall morphology
remained the same. The Poly[NFZI-co-NSi] showed a larger

the general trend observed for the zwitterionic coatings was
that their wetting was strongly inﬂuenced by the polarity of
their side chains. The most hydrophilic coating was Poly[NOEGZI-co-NSi] with θW‑A/θW‑R = 32°/18° for water. Both
Poly[NC8ZI-co-NSi] (θW‑A/θW‑R = 54°/31°) and Poly[NFZIco-NSi] (θW‑A/θW‑R = 88°/42°) were more hydrophobic than
Poly[NOEGZI-co-NSi], with Poly[NFZI-co-NSi] being the
most hydrophobic. These results were in agreement with the
retention times (Rt) of the corresponding zwitterionic
monomers, as measured by HPLC (Table 1). One important
diﬀerence between Poly[NC8ZI-co-NSi] and Poly[NFZI-coNSi] was their wetting behavior with n-hexadecane. While
Poly[NC8ZI-co-NSi] showed lower CA values, θH‑A/θH‑R =
14°/15°, indicating strong interaction with the nonpolar liquid,
Poly[NFZI-co-NSi] (θH‑A/θH‑R = 61°/50°) kept a high CA.
This result indicates that while Poly[NFZI-co-NSi] possesses
an overall lipophobic character Poly[NC8ZI-co-NSi] is lipophilic. It is important to note this diﬀerence as the eﬀect of the
lipophilicity/lipophobicity of these amphiphilic betaines on
their nonfouling performance is investigated here.
All of the coatings demonstrated hysteresis (Δθ = θA − θR)
in water upon dynamic CA analysis, and the largest value was
obtained for Poly[NFZI-co-NSi] (ΔθW = 46° ± 1°). In general,
CA hysteresis can be attributed to several factors, including
surface roughness, swelling of the coating, and surface
restructuring or mobility.37 Since all of these parameters may
also inﬂuence the nonfouling properties of the coatings,19 the
possible reasons leading to the observed hysteresis were
investigated further. Tapping mode atomic force microscopy
1235
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Figure 3. (a) Fibrinogen adsorption on various surfaces. Dotted line indicates 0.1 ng/mm2 protein adsorption limit that can induce full-scale bioﬁlm
formation, resulting in the loss of function of the implantable device.58 The inset (b) is the expanded version of the y axis showing the protein
adsorption amounts on Poly[NOEGZI-co-NSi] and Poly[NFZI-co-NSi] with respect to the dotted line. Error bars represent standard error
obtained from three independent measurements.

values, which are believed to be the least aﬀected by surface
heterogeneities.19,47 The total surface energies (γS = γSp + γSd),
the polar (γSp), and the dispersive (γSd) components obtained
for the coatings are summarized in Table 1. The highest surface
free energy was observed for Poly[NOEGZI-co-NSi] (γS = 63.2
mN/m), in which both the dispersive and polar components
contributed signiﬁcantly, as expected. Even though Poly[NOEGZI-co-NSi] and Poly[NC8ZI-co-NSi] had the same
value for their dispersive components (γSd = 26.8 mN/m), their
polar components were signiﬁcantly diﬀerent. Poly[NOEGZIco-NSi] had higher polar character than Poly[NC8ZI-co-NSi]
due to the ability of the OEG side chains to form hydrogen
bonds with the surrounding water molecules. Not surprisingly,
Poly[NFZI-co-NSi] had the lowest surface energy (γS = 22.6
mN/m), indicating high surface coverage of the ﬂuorinated side
chains, yielding the lipophobic character. It is important to note
that although Poly[NFZI-co-NSi] contains zwitterionic functionalities, its surface energy is similar to the surface energy of
polytetraﬂuoroethylene (PTFE) (γS ≈ 18 mN/m), a ﬂuorinated
material commonly used in biomedical applications.40,48−50
Protein adsorption on all non-natural surfaces results from a
combination of weak electrostatic and hydrophobic interactions.26 Therefore, our main design criteria of these materials
was to eﬀectively eliminate such interactions. The resistance to
protein adsorption of the resulting coatings was evaluated using
six diﬀerent proteins. To make direct comparisons to the
previous literature reports, the most commonly studied
proteins were employed: BSA, ﬁbrinogen, and lysozyme.32
However, these proteins have diﬀerent molecular weights,
which has been shown to aﬀect their adsorption mechanism.32,51,52 Therefore, in addition, myoglobin, cytochrome c,
and succinic anhydride-modiﬁed lysozyme were used as
proteins having similar molecular weights but diﬀerent
isoelectric points under physiological conditions.32 Ellipsometry
measurements53−55 were done to quantify the amount of
adsorbed protein, and ﬂuorescence microscopy56,57 was
employed for qualitative analysis, using ﬂuorescein isothiocya-

increase in roughness, in accordance with its hysteresis
characteristics. Among all coatings, Poly[NFZI-co-NSi] had
the highest water CA hysteresis (ΔθW = 46° ± 1°), indicating
strong surface rearrangement in polar media, whereas this value
was much lower for the nonpolar n-hexadecane (ΔθH = 11° ±
1°).
To investigate the surface conformation of the ﬂuorinated
alkyl side chains, we performed powder X-ray diﬀraction
(XRD)40−43 (Figure S14 of the Supporting Information). The
spectrum revealed no sharp peaks indicative of oriented side
chains; only a broad diﬀusion band at 5.1 Å, characteristic of an
amorphous state, was observed. These results were consistent
with the literature where it has been suggested that more than
eight perﬂuorinated carbons per side chain are needed to yield
an ordered conformation on the surface.40−43 In fact, it has
been shown that polymers composed of chains with less than
six ﬂuorinated carbons remain amorphous. These materials are
generally characterized by their poor dynamic water repellency
due to high surface mobility, which is more predominantly
observed for systems containing polar components.40,43 These
conclusions are consistent with our observations, where
Poly[NFZI-co-NSi] showed amorphous morphology of its
ﬂuorinated side chains by XRD analysis and high hysteresis in
polar media (ΔθW = 46° ± 1°) by dynamic CA analysis. Both
of these results indicate high surface mobility due to
environmentally dependent chain reorganization of Poly[NFZI-co-NSi].
To further investigate and distinguish the contribution of
diﬀerent interaction components at the solid−liquid interface,
such as van der Waals dispersive, dipole, and hydrogen
bonding, we determined surface free energies of the coatings
according to the Owens, Wendt, and Kaelble method.19,44,45
Even though this is a widely accepted method to calculate
surface free energies of solid materials, it is solely dependent on
CA values, which may be aﬀected by chain rearrangement or
roughness on the surface.19,46 To eliminate such eﬀects and
have more accurate calculations, we used the advancing CA
1236
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Table 2. Protein Adsorption on the Coatings As Measured by Ellipsometry Measurements
protein adsorption amount (ng/mm2)
polymer
poly[NOEGZI-co-NSi]
poly[NOEG(+)-co-NSi]
poly[NC8ZI-co-NSi]
poly[NC8(+)-co-NSi]
poly[NFZI-co-NSi]
poly[NF(+)-co-NSi]
poly[NF-co-NSi]
poly[NCH3-co-NSi]
silica

BSA
0.05
10.4
4.79
6.54
0.08
2.81
1.98
1.07
0.47

±
±
±
±
±
±
±
±
±

0.01
0.27
1.04
0.84
0.02
0.39
0.14
0.09
0.10

ﬁbrinogen
0.04
1.90
3.44
10.6
0.03
3.88
5.52
4.67
4.15

±
±
±
±
±
±
±
±
±

0.02
0.15
0.24
0.44
0.01
0.15
0.15
0.40
0.02

lysozyme
0.65
1.65
3.51
3.54
0.14
2.35
1.71
2.94
1.29

±
±
±
±
±
±
±
±
±

0.11
0.36
0.58
0.10
0.11
0.66
0.02
0.16
0.10

SA-lysozyme
0.26
2.44
1.95
11.2
0.25
2.11
1.36
1.70
0.49

±
±
±
±
±
±
±
±
±

0.02
0.02
0.22
0.01
0.05
0.39
0.20
0.04
0.10

myoglobin
0.24
4.30
1.63
6.04
0.30
0.94
1.75
1.04
1.37

±
±
±
±
±
±
±
±
±

0.06
0.12
0.10
0.03
0.06
0.04
0.08
0.10
0.03

cytochrome c
0.41
1.19
1.30
3.18
0.84
0.89
1.92
2.62
2.02

±
±
±
±
±
±
±
±
±

0.08
0.08
0.04
0.14
0.20
0.31
0.02
0.11
0.10

character of Poly[NFZI-co-NSi] were investigated in comparison with Poly[NF-co-NSi] as well as its cationic precursor,
Poly[NF(+)-co-NSi]. Figure S16 of the Supporting Information shows the surface properties of all three ﬂuorinated
systems, including surface roughness, wetting properties, and
adsorption of FITC-BSA. All coatings showed relatively high
hydrophobicities with water CAs greater than θA = 85° as well
as very similar surface roughness values ranging from 4.6 (for
Poly[NF-co-NSi]) to 10.2 nm (for Poly[NFZI-co-NSi]). The
most signiﬁcant diﬀerence observed among these coatings was
their resistance to FITC-BSA adsorption. Poly[NFZI-co-NSi]
outperformed both the noncharged and the cationic counterparts. Also, shown in Figure 3, both Poly[NF(+)-co-NSi] (ΓFIB
= 3.88 ± 0.15 ng/mm2) and Poly[NF-co-NSi] (ΓFIB = 5.5 ±
0.15 ng/mm2) showed higher ﬁbrinogen adsorption than
Poly[NFZI-co-NSi] (ΓFIB = 0.027 ± 0.01 ng/mm2). This
observation was consistent for all diﬀerent proteins investigated. (See Table 2 and Figure S17 of the Supporting
Information.) While all of these ﬂuorinated coatings had similar
surface characteristics (roughness and wetting properties), they
were composed of diﬀerent overall charges. In comparison with
the zwitterionic Poly[NFZI-co-NSi], the cationic Poly[NF(+)co-NSi] showed high protein adsorption, apparently dominated
by the electrostatic attractions. This observation demonstrates
the importance of screening the electrostatic interactions in
addition to the lipophilic ones. Moreover, the superior
performance of Poly[NFZI-co-NSi] (ΓFIB = 0.027 ± 0.01 ng/
mm2, γS = 22.6 mN/m) over the noncharged analog, Poly[NFco-NSi] (ΓFIB = 5.5 ± 0.15 ng/mm2, γS = 12.8 mN/m),
demonstrates the importance of the zwitterionic functionality in
the system. The amount of protein adsorption observed on
Poly[NF-co-NSi] was similar to the values previously reported
for PTFE (ΓFIB ≈ 1.5 ng/mm2 − 5.5 ng/mm2, γS ≈ 18 mN/
m).40,49,50
One plausible explanation to the eﬃcacy of Poly[NFZI-coNSi] in resisting nonspeciﬁc protein adsorption as eﬀectively as
Poly[NOEGZI-co-NSi] is the increased surface coverage of the
zwitterionic functionality, which is aided by the low surface
energy of the ﬂuorinated side chains. While this is not directly
evident from the wetting experiments performed on Poly[NFZI-co-NSi], both the high hysteresis of the surface as well
as the amorphous morphology observed from XRD analysis
indicate fast surface rearrangement. Although the high water
CA of Poly[NFZI-co-NSi] is indicative of a large concentration
of ﬂuorinated side chains on the surface, they can reorganize
when immersed in hydrophilic media to expose the zwitterionic
functionalities on the surface. This results in a surface with high
surface coverage of zwitterionic units. The eﬀectiveness of the
ﬂuorinated side chains in increasing the zwitterionic surface

nate (FITC)-labeled BSA to visually study the protein
adsorption.32 Figure 3 shows ﬁbrinogen adsorption on the
amphiphilic polybetaines in comparison with control surfaces,
including clean silica and a neutral hydrophobic control,
Poly[NCH3-co-NSi], as well as the cationic precursor,
Poly[NF(+)-co-NSi], and the noncharged ﬂuoropolymer,
Poly[NF-co-NSi] (Supporting Information, Scheme S3). The
summary of all protein adsorption results of the zwitterionic
coatings and their cationic precursors, including ﬂuorescence
microscopy images, can be found in Table 2 and the Supporting
Information (Figures S15−17).
Independent of the protein used, both Poly[NOEGZI-coNSi] and Poly[NFZI-co-NSi] were eﬀective in resisting protein
adsorption, whereas Poly[NC8ZI-co-NSi] consistently showed
higher adsorption (Table 2 and Figure S15 of the Supporting
Information). As shown in Figure 3, the ﬁbrinogen adsorption
on both Poly[NOEGZI-co-NSi] (ΓFIB = 0.039 ± 0.02 ng/
mm2) and Poly[NFZI-co-NSi] (ΓFIB = 0.027 ± 0.01 ng/mm2)
was lower than the 0.1 ng/mm2 limit, which is the amount of
ﬁbrinogen adsorbed on a surface that can induce full scale
bioﬁlm formation, resulting in the loss of function of the
implantable device.46 While the ability of Poly[NOEGZI-coNSi] toward resisting protein adsorption was expected due to
its hydrophilicity, given the hydrophobic nature of Poly[NFZIco-NSi], its performance was surprising. We and others have
previously shown that within a given system, as the hydrophobicity of the coating increases, its ability to resist nonspeciﬁc
adsorption decreases.32,59 However, in the case of Poly[NFZIco-NSi], which had the highest hydrophobicity among all of the
coatings investigated, it is clear that its ability to resist protein
adsorption is due to the presence of ﬂuorinated side chains.
This can be better seen when the protein adsorption of
Poly[NFZI-co-NSi] is compared with Poly[NC8ZI-co-NSi]
(Figure S15 of the Supporting Information). Although both
coatings are strongly hydrophobic, Poly[NFZI-co-NSi] possess
a lipophobic character, resulting in a repulsive eﬀect against
both polar and nonpolar (lipophilic) components of the
protein. The direct comparison between the resistance of
Poly[NC8ZI-co-NSi] and Poly[NFZI-co-NSi] to protein
adsorption demonstrates the importance of employing lipophobic moieties rather that lipophilic ones as the hydrophobic
component in amphiphilic systems for nonfouling applications.
Since perﬂuorinated substances are known to be chemically
inert to both hydrophilic and lipophilic media,60−62 it is
important to distinguish what role the zwitterionic functionality
is playing in this system. With that aim, Poly[NF-co-NSi], a
noncharged analog of Poly[NFZI-co-NSi], was synthesized.
(See the Supporting Information for the detailed synthetic
procedure.) The surface properties and the nonfouling
1237
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coverage becomes more evident when Poly[NFZI-co-NSi] is
compared with Poly[NC8ZI-co-NSi]. Even though Poly[NC8ZI-co-NSi] is more hydrophilic (θW‑A/θW‑R = 54°/31°)
than Poly[NFZI-co-NSi] (θW‑A/θW‑R = 89°/62°) it shows
higher protein adsorption. These observations are consistent
with previously published reports, where detailed surface
characterization demonstrated the eﬀectiveness of using lowsurface energy ﬂuorinated units to improve the surface coverage
of amphiphilic systems (PEG was used as the hydrophilic
component).15,22,25,26

■

CONCLUSIONS

■
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